Macrocycles based on L-cystine were synthesized by ring-closing metathesis (RCM) and subsequently polymerized by entropy-driven ring-opening metathesis polymerization (ED-ROMP). Monomer conversion reached ∼80% in equilibrium and the produced poly Nature offers a large variety of platform chemicals, e.g., vegetable oils, amino acids, sugars, or terpenes, which can be used for the sustainable replacement of typical fossil fuel-derived chemicals and also for making new materials with advanced properties and functions.
ring-opening metathesis polymerization (ROMP), [8] [9] [10] meets the requirements for high selectivity and functional group tolerance. In particular, acyclic diene metathesis (ADMET) polymerization 11, 12 has proven very useful for the polycondensation of bio-derived α,ω-unsaturated monomers (e.g., amino alcohols, amino acids, diketopiperazines, and fatty acid esters). [13] [14] [15] [16] Cysteine and its corresponding disulfide dimer, cystine, are multifunctional molecules that nature uses, among others, for the stabilization of proteins, e.g., insulin or keratins, and redox systems. 17 Owing to its redox-active disulfide bridge, the incorporation of cystine into the backbone of a polymer facilitates a reductively triggered degradation. Polymers with disulfide links are also considered to be self-healing materials. 18 Yet the only example of a cystine-based aliphatic polyester was synthesized by melt polycondensation of an L-cystine ester derivative with ethylene glycols. 19 This procedure, however, proceeds with a titanium-based catalyst at 120°C in the bulk and further requires an exact stoichiometric match of the functional groups in order to reach high mass polymers. In contrast with this, metathesis polymerizations are usually conducted under milder conditions. However, reports of the incorporation of disulfides into polymers via metathesis polymerization are scarce. Attempts to homopolymerize a disulfide containing cyclooctene derivative by ROMP failed due to the negative neighboring group effect of the disulfide. 20 Also, free sulfhydryl containing norbornene monomers failed, while the S-acetamidomethyl protected derivatives could be successfully polymerized by ROMP. 10 Herein, we introduce L-cystine as a bio-sourced chemical to prepare a toolbox of monomers for metathesis polymerization (Scheme 1). The available N-Boc-protected derivative, N,N′-di-(tert-butyloxycarbonyl)-L-cystine 1, was reacted with either 4-bromobut-1-ene or 11-bromoundec-1-ene, using potassium carbonate as a base in N,N-dimethylformamide (DMF), to give the acyclic dialkenyl-(N,N′-di-Boc)-L-cystines 2a (isolated yield: 90%) and 2b (61%), respectively (see NMR spectra in the ESI †). Fig. 1 ), which was attributed to the stereocenter of the amino acid and the hindered rotation within the cycle. Similarly, the 30-membered macrocycle 3b was obtained from 2b with a yield of 31% (colorless solid, m.p. 83-85°C, 1 H NMR and ESI-ToF mass spectra in the ESI †). We then applied entropy-driven ring-opening metathesis polymerization (ED-ROMP) to macrocycles 3a and 3b (Scheme 2). In contrast with conventional ROMP, which is usually performed with strained rings like norbornenes, 8 ED-ROMP does not follow a controlled or "living" polymerization pathway. 23 Macrocycles do not exhibit any ring strain and hence there is no enthalpic contribution to drive the equilibrium reaction towards the formation of the polymer. ED-ROMP is therefore conducted at high monomer concentrations in order to entropically favor the polymerization reaction. It has been shown that ED-ROMP often outperforms standard ADMET polymerizations with respect to molar mass as well as reaction time. Macrocyclic olefins that have been successfully polymerized by ED-ROMP include unsaturated crown ether analogs ( polyether with number-average molar mass, M n = 66 kDa, and dispersity, Đ = 2), 24 sequence-encoded lactides (M n = 20-60 kDa, Đ = 1.3-1.5), 25 oligoamides (M n = 10-30 kDa), 26 as well as naturally derived bile acid derivatives (M n > 100 kDa) 27 and glycolipid (M n = 75-190 kDa). 29 than HG2, which eventually leads to higher monomer conversion and higher molar mass polymer (see ESI †).) Monomer conversion could be monitored using 1 H NMR analysis (Fig. 1) since the polymer does not show geminal coupling, unlike the monomer. The first-order timeconversion plot (Fig. 2a) is non-linear, as expected, with a maximum monomer conversion of 80% at the thermodynamic equilibrium ([3a] eq = 0.025 M at 40°C), which is reached after ∼30 minutes. The weight-average molar mass (M app w , by SEC with polystyrene calibration) of the polymer increased linearly with conversion (Fig. 2b) , and the final polymer 4a exhibited an apparent M 
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This analysis, TGA) and exhibits a glass transition temperature (T g ) of 41°C (differential scanning calorimetry, DSC) (ESI †). The macrocycle 3b was also successfully polymerized with the G3 catalyst (the same reaction conditions as those for 3a) to yield polymer 4b with M app w = 80 kDa (Đ = 1.7) (SEC, Fig. 2d ) within 30 minutes;
The kinetic study suggests that the disulfide bond seems not to have a negative neighboring effect during metathesis polymerization, as was earlier observed for other disulfidecontaining monomers (see above), which might be attributed to the large distance between the double bond (catalyst site) and disulfide. Furthermore, the disulfide unit might be sterically shielded by the vicinal Boc-protecting group to prevent interactions with the catalyst.
Deprotection of the polymers 4a and 4b was achieved with HCl in ethyl acetate at room temperature. Interestingly, the first sample formed an organogel in the course of the reaction (even at a polymer concentration as low as 0.5 wt%). Nevertheless, removal of the Boc-protecting groups was quantitative, as confirmed by 1 H NMR analysis (ESI †), and yielded the water-soluble (or dispersible) polymers 5a (M w = (15 ± 6) kDa, SLS) and 5b with the primary ammonium chloride side groups (Scheme 2). The pendant amino groups can be functionalized with, for instance, acid anhydrides. Exemplarily, 4a was first deprotected with HCl/ethyl acetate (→5a) and immediately treated with triethylamine (TEA) and either acetic anhydride (→6a) or succinic anhydride (→7a) in a 3-fold excess. The expected chemical structures of the functionalized polymers (Scheme 2) could be confirmed by 1 H NMR spectroscopy (ESI †). However, the samples could not be analyzed by SEC due to their poor solubility in THF (eluent). Polymers 4-7 should undergo degradation either by hydrolysis of the main-chain ester or by reduction (oxidation) of the disulfide. Exemplarily, the reductive degradation of 4a was achieved in less than 30 minutes (followed by SEC) with a 10-fold excess of dithioerythritol (DTE) and catalytic amounts of TEA.
1 H NMR analysis revealed that the polymer was finally broken down to the single monomer unit, by comparison with the reduction product of macrocycle 3a (ESI †). In summary, we described a new route to hetero-multifunctional polyesters by metathesis polymerization of bio-sourced cystine-based macrocycles. The G3-catalyzed ED-ROMP afforded high molar mass polymers of up to 80 kDa (M app w , SEC) and a dispersity of ∼2 within a reaction time of 30 min, outperforming the melt polycondensation procedure of L-cystine diesters. 19 Importantly, the metathesis reaction was not disturbed by the presence of the disulfide units. The polymers can be further functionalized with acid anhydrides and degraded by reductive cleavage of the disulfide with DTE/TEA. Present work is devoted to further extension of the toolbox of cystine-based monomers for olefin and disulfide metathesis polymerization. The multifunctionality of the polymers shall be used to prepare (keratin-mimicking) materials with advanced properties, for instance, stimuli-responsiveness or self-healing ability, as well as hydrogels and composite materials.
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